The multiple input Multiple Output (MIMO) is a wireless technology that can offer high spectral efficiency, capacity gain and/or diversity gain. On the other hand, the Worldwide Interoperability for Microwave Access (WiMAX) is a promising wireless technology which delivers data at high rates covering larger area. To retrieve desired signals in such technologies, we need to incorporate appropriate Channel estimation and signal detection techniques at the receiver. Thus, in this paper we propose Scaled Least Square-Maximum Likelihood (SLS-ML) and Reduced Minimum Mean Square Error-ML (RMMSE-ML) receivers for MIMO system under WiMAX environment. The proposed techniques are consistently outperforming the exiting Least Square-Maximum Likelihood (LS-ML) and Minimum Mean Square Error-ML (MMSE-ML) receivers. The RMMSE and SLS techniques minimize channel estimation error and the Maximum Likelihood (ML) detector cancels residual interference from other transmitting antennas. In the simulation study, the Bit Error Rate (BER) performance evaluation of 2×2 and 4×4 antenna structures with different detector and channel estimator techniques over various Erceg's channel models has been discussed. The investigations show that the ML detection applied to the mobile WiMAX systems provide better performance than other detector systems, irrespective of the number of antenna array size and the fading effect.
Introduction
The demand for communication system bandwidth is rising day by day. A wireless system with high spectral efficiency is needed to transmit data with high speed. But the fading of signals during transmission reduces this efficiency. To overcome the problems involved in the transmission of data and to satisfy the rising demand of efficient communication systems, there is a need to develop new modulation techniques to meet the demand. These requirements cannot be delivered using the traditional techniques.
The last few years have seen the development of Orthogonal Frequency Division Multiplexing (OFDM) as a multicarrier signal modulation technique for digital communication environment with high speed data transmission. It is widely used over the frequency selective channels due to its robust nature and its capability to maintain a constant channel characteristic and to bring down the operational complexity of the receiver [1] . The focus is also on multiple input-multiple output (MIMO) system which has the capability to exploit multipath propagation. The MIMO systems give higher bandwidth efficiency and improved performance compared to the traditional single antenna systems [2] . Since OFDM and MIMO have their own merits, this combination can become promising solution for next generation wireless system [3] [4] [5] [6] . Hence, the MIMO-OFDM technique has become a major tool in the communication systems for Worldwide Interoperability for Microwave Access (WiMAX) [7, 8] . WiMax is a wireless access technology standard designed to offer greater wireless coverage over long distances, from point to multi-point networks [9, 10] . As pointed out by Shannon [11] , the essential task in communication is to reproduce a message selected at one point, exactly or approximately at another point.
At the receiver of the MIMO-OFDM, the channel estimation and signal detection are the two major issues need to be addressed properly. The channel state information can be obtained through training, blind and semi blind channel estimation techniques. The blind channel estimation is based on the statistical information of the channel and certain properties of the transmitted signals [12, 13] . These techniques are applicable to slow time-varying channels due to its need for a long data record. The training-based channel estimation is based on the training data (pilots) sent from the transmitter that is known a priori at the receiver [14, 15] . In general, the mobile wireless applications are fast timevarying and hence the training based channel estimation is a preferable one. Further, the semiblind channel techniques are hybrid of blind and training estimation techniques, which utilizes pilots and other natural constraints to perform channel estimation. In the training based techniques, the classical Least Square (LS) estimator does not require any channel statistics, but they are affected by mean square error in a huge amount [16] . To overcome this limitation, the estimator is scaled, improved and named as Scaled LS (SLS) estimator. Similarly the classical The Minimum Mean Square Error (MMSE) estimator requires perfect knowledge of the correlation matrix assumption [16] . This assumption is not reachable in practical situations. Thus, the Relaxed MMSE (RMMSE) algorithm can be used as it requires only small amount of channel correlation matrix. Once channel state information is known, the transmitted signals can be estimated through Signal detection problem [17, 18] . Out of several detectors, though the MMSE one is low complex, it is suffering from limited performance. The Maximum Likelihood (ML) detector may give optimal performance, but its complexity increases exponentially with number of transmitting antennas. Thus, this paper aims at identifying a MIMO receiver with both channel estimation and signal detection. The performance of the MIMO receiver is validated in WiMAX Environment.
The rest of the paper is organized as follows. The multi antenna channel model is presented in Section 2. Section 3 describes about channel estimation and overview of detection techniques are given in Section 4. Linear and optimum signal detection techniques are discussed in Section 5 and Section 6 respectively. Simulation analysis with results is elaborated in Section 7. Finally, the conclusion is presented in Section 8.
Multi antenna channel model
In a wireless communication system with multiple antennae, the channels that transmit data can be considered as linear and time invariant model. Mathematically, the received signal is represented in Eq. (1) as,  y Hs w (1) In Eq. (1), H is a Nt × Nr complex valued channel whose realization is known to the receiver through estimation processing, s is the transmitted symbol with Nt -dimension, and w is a Gaussian noise with zero mean and σ 2 dispersion around the mean value.
The major objective of a MIMO detection system is to estimate the transmitted input signal vector based on the channel information available at the receiver and signal vector collected at the receiver end. A transmitted symbol estimatê, is measured by the detector at the receiving end of the system. The optimal detector is the one which reduces the average error probability(̂≠ ).
Channel estimation
In coherent detection process, information about the channel is required to mitigate the fading effects appears in a wireless environment caused by the channel. The channel estimation in a multiple antennae system is a primary as well as challenging task too. In this, signals are received as combinations of the multiple signals from transmit antennas.
Initially classical Training based estimation algorithms has been used and their performances are compared in terms of bit error rate over various SUI channel model. Finally some modifications are made in the basic algorithm, in order to reduce the error rate.
Scaled least square (sls) estimation
The SLS estimation of the channel can be expressed as,
-Number of receiving antennas; = { } -channel correlation matrix; Receive noise power− 2 . To further reduce the MSE, the MMSE estimator makes use of the channel's second order statistics. The linear MMSE gives better performance at small SNR compared to that of LS, but at the expense of increase in complexity.
Relaxed minimum mean square error (rmmse) estimation
The MMSE channel estimate in the frequency domain is,
The matrix A is calculated as,
The optimal value of can be obtained from ⁄ = 0 and is expressed by
Hence, the linear MMSE estimator can be represented as
− Covariance matrix of the channel with a variance of 2 and is the received signal. The covariance matrix of the channel requirement is the drawback of this method. But in case of mobile environment, channel features are not constant. Due to this it is difficult to track the covariance matrix. In RMMSE, only small amount of channel correlation matrix is sufficient. The MMSE requires perfect knowledge of the correlation matrix assumption. This assumption is not reachable in practical situations. It can be alternatively written as in lieu of . To minimize the error, the parameter α can be adjusted. Replacing with and applying the matrix inversion lemma, we can rewrite this equation as,
By assuming orthogonal training, the channel MSE can be computed as
MSE can be minimized by substituting optimum value of α. If 2 > 0 , then < and hence the relaxed MMSE channel estimation method operates always greater than the LS estimator. The enhancement of the RMMSE estimator over the LS estimator is notably prominent if the SNR is low. Performance of all these estimators have been studied under WiMAX scenario and tested over SUI channel model.
Overview of detection methods
The basic research in MIMO technology started in early 1960's. Shnidman contributed to the MIMO detection technology in 1967 [19] by considering an equalization problem of a pulse modulation technique with limited bandwidth. As compared to the single-input and single-output systems, the MIMO works on the principle of diversity, where multiple symbols are transmitted concurrently and the receiver is provided with multiple forms of the arrived signal. The receiver detects and decodes the symbols based on the amount interference and random noise that affects the quality of the transmitting messages as shown in Fig.1 . The diversity helps to reduce the error rate by stabilizing the transmitted and received data.
The channel estimation and signal detection are required to be performed at the receiver end for intelligible recovery of transmitted data. The detection of symbol may be done individually or jointly. In joint symbol detection, a symbol is detected by considering the characteristics of the other symbols in addition with the current symbol features.
Thus the joint detection system gives a better performance compared to the other one mentioned, even though more computational complexity is involved. The joint detection of multiple symbols is one of the major advantages of the various MIMO techniques. The limiting characteristic to the benefits of the MIMO systems is the occurrence of co-channel interference (CCI), which is generally encountered in these systems. The complexity of the common algorithms perceived for optimal solution of the problem increases when the number of decision variables involved is more. This fact has been observed in the MIMO detection algorithms based on maximum a posteriori (MAP) criterion as well as Maximum Likelihood criterion. The detection schemes can be coherent or noncoherent. The detection of symbol is considered to be coherent, if the instantaneous value of the channel matrix H is established explicitly through channel estimation. On the other hand, if the explicit estimation of the channel is evaded the detection of symbol belongs to non-coherent scheme. The channel estimation in the latter scheme is done implicitly or it is completely avoided. The signal detection is performed by using the statistical information of the channel matrix H.
In a multiple symbol differential detection [20] [21], the input symbols are encoded through differential encoding. The detection is performed by studying the symbols block by block in sequence. But this increases the computational complexity as compared to the symbol-by-symbol detection performed in coherent MIMO systems. Also in noncoherent detectors, due to the exponential increase in computation, the power efficiency degrades, leading to the performance loss in the system. To counteract this performance loss in the system, the block size should be sufficiently large in these detector systems. Therefore, a trade-off between the required performance and the amount of complexity is necessary to choose an optimum block size.
Linear mimo signal detectors
When the estimation of the symbols is based on linear transformation of the output signal vector, the detectors are known as linear MIMO detectors. The algorithm shows low complexity but with significant loss in performance metrics. The decision statistics of linear MIMO detectors is expressed as,
In Eq. (5), F is the linear transformation matrix. The concept of linear MIMO detectors is depicted in Fig. 2 . Different types of linear detectors used in MIMO have been discussed below with the corresponding decision metric. The Matched Filter (MF) is a kind of linear detector having the lowest complexity in computing. 
The Zero Forcing (ZF) detector is another kind of linear transformation based detector developed by Van Etten [22] for a multiple channel multiplexing communication system exposed to both inferences namely, Inter Symbol Interference and interchannel interference. The detector is first analysed in the space division multiplexing based VBLAST systems by Foschini, Golden, Wolniansky and Valenzuela [23] [24] [25] after the arrival of multipleantenna technologies during mid-1990's.
The transmitted signal is detected from the least square error as follows in Eq. (12) 
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The optimal minima of the symbol s can be found from the relation ‖ − ‖ 2 ⁄ = 0. It becomes,
Therefore, the detected signal is,
Now, the linear transformation matrix for the ZF detector can be expressed as,
Therefore, the decision statistics becomes,
This signifies complete reduction in interference of the multiple data inputs, even though the noise power is improved.
The earliest linear MIMO detector is the MMSE criterion based detector [26] which was proposed by Shnidman in the year 1967 [19] . The linear transformation matrix of the MMSE criterion is Ŝ De mod ulator  designed to reduce the mean square error among the output data and the actual data of the channel. The mean square error between the data is represented as [|̂− | 2 ], where ̂ is the estimate of .
The optimal value of the linear transformation matrix can be calculated from ∂E[|̂− | 2 ] ∂F ⁄ = 0. Then, the can be expressed as,
In Eq. (10) 
The linear transformation matrix, after replacing and with the above mentioned values, becomes,
Therefore the decision statistics is given by,
The 2 can be neglected for higher values of SNR as it becomes insignificant. Hence, at higher values of SNR the performance of Zero Forcing detector and MMSE detector are almost equal.
At lower SNR values, the performance of linear MMSE detector is found to be better than the linear Zero Forcing detector. The linear MMSE algorithm is able to minimize the total error enforced by the interference between the symbols and the noise, thereby, achieving a good balance between the elimination of interference and enhancement of noise.
Optimum detector and its decision
The efforts to develop optimum MIMO detector systems started in the year 1976 when Van Etten [27] derived a Maximum likelihood (ML) sequence estimation based receiver for tackling both the interferences ISI and ICI in multiple channel communication systems. Based on certain conditions, the ML receiver is found to approach the performance of an idealized optimum receiver system that is free from both ICI and ISI.
The performance of the receivers are measured based on some important parameters. The minimum error probability criterion is an important parameter in assessing the functioning of the detectors. The maximum a posteriori (MAP) criterion is an optimum MIMO decision criterion which reduces the error probability considering only the observed signals with given set of hypothesis.
The symbol detection problem in a ML Detector can be optimized by formulation the problem as a finite set constrained least squares (LS).
 
It is also considered as minimum Euclidean distance (MED) based criterion, where, m is the number of bits per symbol, u denotes the set of total metric evaluations with respect to the modulation order and ̃ is the possible transmitted symbol. The optimal detector performs a comprehensive search to find the most probable transmitted signal.
Though, the ML method is an optimal detector, it has huge computational complexity. To solve this weakness, some variations have been included [28, 29] .
Simulation outputs and discussion
The MIMO OFDM system model is simulated using Matlab by considering the parameters of the standard Stanford University Interim (SUI) channel model [30] , also known as Erceg's model in WiMAX scenario, along with system parameters presented in Table 1 for different fading conditions. The performance of ML detector is measured and compared with MMSE detector through different channel estimation algorithms. The Scaled Least Square (SLS), Minimum Mean Square Error (MMSE) and Reduced Minimum Mean Square Error (RMMSE) has been applied to track the channel features [16] . Results are tested in two different terrain types (terrain C (SUI-1) and terrain A (SUI-5)) which define various amount of fading effect over the transmitted signal. Time domain characteristics of SUI channel with different level of fading is simulated with the specifications mentioned in Table 2 and Table 3 . The above result in Fig. 3 reflects the fading nature in terms of received signal power for the SUI channel in three different paths over the specified time interval.
The transmitted signal is detected at the receiver end using MMSE algorithm and its error performance is measured for various values of signal to noise ratio with different channel tracking information as shown in Fig. 4 . MMSE detector with RMMSE estimated channel gives better error performance at low SNR values than other estimation algorithms. Since, MMSE detector holds the disadvantage of biased estimated output, optimum detector has been selected for the detection signal. The noise power at higher SNR values can be negligible as we seen in eq. (22) , and the MMSE detector become ZF detector.
The BER of the ML detector for MIMO system with and without channel tracking is shown in Fig. 5 . In Fig. 5 , the BER of 10 −3 has been achieved with ⁄ of approximately 10 dB when channel information is tracked at the receiver. At the same time, ⁄ needs to be approximately 15 dB to reach the same BER when channel state information is not available at the receiver. It shows that, error performance of the system can be improved with the aid of channel tracking algorithms.
The ML detector error performance in different fading scenario has been simulated and the results are presented in Fig. 6 . For channel tracking RMMSE algorithm has been used. In both low fading and high fading environment, to attain the BER of 10 −3 , approximately ⁄ of 15 dB is required. It has been verified that, the ML detector gives optimum performance in all fading environment including severe environments.
The performance of MIMO system for 4 number of transmitting and 4 number of receiving antennas is shown in Fig. 7 . When the number of antennas is increased at the transmitting and receiving end, higher amount of signal energy is required to meet the same error rate regardless of the kind of detector and channel estimator used as shown in Fig. 7 . The BER of 10 −3 has been achieved with ⁄ of approximately 15 dB when 2x2 antennas array is used. At the same time, ⁄ needs to be approximately 16.5 dB to reach the same BER when the number of antennas is increased.
Finally, the BERs of the MIMO system are measured over different detection theory and shown in Fig. 8 . The BER of 10 −2 has been achieved with 10 dB ⁄ of approximately with ML detection algorithm but, ⁄ needs to be approximately 15 dB to reach the same BER when the conventional MMSE detector is used. Also it has been observed that, ML with RMMSE techniques performs better than ML detection with conventional LS algorithm in all scenarios. 
Conclusions
The number of bit errors in the transmitted data sequence by including diversity gain in a WiMAX system has been analysed. Complexity reduced ML detection scheme can mitigate the ICI and ISI. The new performance evaluation results are presented in this paper with ML detection algorithm for different multi-antennae configurations. Application of various channel tracking algorithms indicate that Reduced Minimum Mean Square Error with ML detection provides good performance gain at low SNR values in WiMAX systems. The approximate SNR requirement to obtain the bit error rate of 10 −2 is found to be 16 dB in MMSE based detector with RMMSE channel estimation and it is 10 dB in ML based detection with RMMSE channel estimation. However, in the signal detection scenario, since MMSE has limited performance and the ML detector is highly complex, research in the direction of sub optimal detection can be tried.
